INTRODUCTION
============

The Eph receptors are a large family of receptor tyrosine kinases with distinctive signaling abilities ([@B67]). Eph receptor canonical signaling, which is induced by ephrin ligands and depends on kinase activity, plays an important role in a variety of disease processes ranging from pathological forms of angiogenesis and inflammation to inhibition of tissue regeneration, exacerbation of neurodegenerative processes, and in some cases cancer progression ([@B8]; [@B4]). Thus Eph receptor antagonists and kinase inhibitors can have useful therapeutic applications ([@B60]; [@B73]).

Although several chemical compounds are known to inhibit Eph receptor signaling, the most promising compounds identified as antagonists of ephrin ligand binding have only moderate potency and selectivity ([@B4]; [@B91]). Several kinase inhibitors targeting Eph receptors with high potency are also known but generally have poor selectivity ([@B13]; [@B40]; [@B17]; [@B60]).

We therefore sought to develop a cell-based assay suitable for the high-throughput identification of Eph receptor inhibitors. This assay monitors "cell retraction"---a prototypical repulsive response induced by Eph receptor canonical signaling in response to ephrin stimulation ([@B50]; [@B37]; [@B1]). Cell-based high-content screens can circumvent drawbacks of high-throughput screens based on biochemical assays with purified proteins, which often identify artifactual pan-assay inhibitors and compounds difficult to develop for use in biological systems ([@B3]; [@B2]). In addition, cell-based screens have the potential to identify compounds that inhibit Eph receptor function not only through direct mechanisms (such as inhibition of ephrin ligand binding or kinase activity) but also through indirect mechanisms (such as interference with downstream signaling pathways, including previously unknown ones).

Eph receptor kinase activity is induced by the binding of ephrins that are often located on the surface of neighboring cells and is thus initiated by cell--cell contact ([@B67]). Eph receptor--ephrin interaction and signaling usually lead to cell separation and retraction of the cell periphery. This repulsive cell retraction response plays a role in numerous physiological and disease processes, including axon guidance and tissue patterning during development and inhibition of tissue regeneration after injury ([@B67], [@B68]). In cancer cells, Eph receptor repulsive responses can have different consequences on malignancy. In cases in which Eph receptors are expressed in cancer cells and ephrins in the surrounding normal tissues, cell--cell repulsion leads to contact inhibition of locomotion, thus limiting tumor expansion and metastatic dissemination ([@B18]; [@B1]; [@B69]). However, when both Eph receptors and ephrins are expressed by the tumor cells, their repulsive effects could facilitate the dissemination of cancer cells from the tumor mass ([@B81]; [@B5]).

We chose EphA2 as the prototype Eph receptor to establish a high-content screening platform for the identification of inhibitors of canonical signaling. EphA2 is widely expressed in different cancer types and has been associated with a poor clinical prognosis ([@B44]; [@B69]; [@B6]; [@B87]). EphA2 canonical signaling in cancer cells can have tumor-promoting or tumor-suppressing effects, depending on the cellular context ([@B69]). Among the tumor-promoting effects, EphA2 can mediate cancer cell dispersal from a tumor through cell--cell repulsion induced by ephrin-A ligands ([@B81]; [@B5]), cell invasiveness through epithelial--mesenchymal transition and RhoA-dependent ameboid migration ([@B66]; [@B84]), and increased cancer cell fitness through macropinocytosis ([@B16]; [@B21]; [@B29]). In addition, EphA2 canonical signaling has been implicated in vasculogenic mimicry, tumor angiogenesis and other pathological forms of angiogenesis ([@B62]; [@B69]), inflammation, including neuroinflammation ([@B45]; [@B11]; [@B90]; [@B33]), atherosclerosis ([@B27]; [@B39]), and various types of infections ([@B12]; [@B23]; [@B41]; [@B80]).

We carried out an automated screen of a small library of drugs and other active compounds based on measuring inhibition of EphA2-dependent cell retraction, which uncovered a previously unsuspected cross-talk between EphA2 and the β2-adrenoceptor/cAMP/protein kinase A (PKA) signaling axis. In this cross-talk, EphA2 phosphorylation by PKA blocks ephrin-A1--induced cell retraction by potentiating EphA2 noncanonical signaling.

RESULTS
=======

Screening of the Library of Pharmacologically Active Compounds identifies compounds that block EphA2-dependent cell retraction
------------------------------------------------------------------------------------------------------------------------------

To screen for inhibitors of EphA2 canonical signaling, we developed a cell-based, high-throughput assay to monitor cell retraction by measuring the "cytoplasmic area" in PC3 prostate cancer cells expressing farnesylated enhanced green fluorescent protein (EGFP-F; Supplemental Figure S1; see *Materials and Methods* for details on the assay). We chose PC3 cells for this assay because they have been extensively used to dissect EphA2 downstream signaling pathways involved in cell retraction ([@B50]; [@B65], [@B64]; [@B37]; [@B85]; [@B1]) and for the characterization of peptides and chemical compounds that activate or inhibit EphA2 canonical signaling ([@B59]; [@B56]; [@B70]; [@B10]). Furthermore, EphA2 is the predominant Eph receptor that can be activated by ephrin-A1 Fc stimulation in PC3 cells ([@B26]; [@B61]; broadinstitute.org/ccle), causing dramatic retraction of their peripheral regions, cell rounding, and occupancy of a smaller area of the culture dish ([@B50]; [@B37]; [@B59]). Therefore compounds that interfere with EphA2 canonical signaling should prevent PC3 cell retraction induced by ephrin-A1 Fc.

We screened the Library of Pharmacologically Active Compounds (LOPAC) collection, which comprises 1280 compounds with a known mechanism of action. Twenty-six compounds at concentrations of 2.5--5 μM restored average cell area to values ≥50% that of untreated cells in all three replicas of the screen and were thus considered hits (Supplemental Table S1). In addition, 5 borderline compounds gave cytoplasmic area values of ∼45% (D0676 and F6886) or \<45% (S8442, C145, O100) in one of the three replicas. Examples of images analyzed for compounds considered and not considered hits are shown in Supplemental Figure S1A.

We verified the results with independent preparations of four hits representing different classes of compounds and of the five borderline compounds. Follow-up experiments included retraction assays carried out manually in 96-well plates using phalloidin staining to monitor the shape of parental PC3 cells or carried out in an automated manner with different compound concentrations using the same PC3--EGFP-F cells and imaging algorithm used for the screen. Both assays confirmed that the four hit compounds and two of the borderline compounds (D0676 and F6886) inhibit EphA2-mediated PC3 cell retraction ([Figure 1](#F1){ref-type="fig"} and Supplemental Table S1). These results demonstrate the robustness of the high-content assay we developed and its ability to effectively identify inhibitors of EphA2-mediated cell retraction.

![Inhibition of EphA2-dependent cell retraction by representative hit compounds. (A, B) "No compound" refers to cells treated with Fc control or ephrin-A1 Fc and DMSO. Other cells were pretreated for 40 min with the indicated compounds and then for 10 min with Fc or ephrin-A1 Fc in the presence of the compounds. Forskolin was used at 20 μM and dibutyryl cyclical AMP (dbcAMP) at 0.5 mM. The other compounds were used at 5 μM. NECA, 5′-(*N*-ethylcarboxamido) adenosine. Cells were stained for F-actin with fluorescent phalloidin (red), and nuclei were labeled with DAPI (blue). The inactive compound (O100, oxotremorine methiodide) did not inhibit retraction and rounding of the cells induced by ephrin-A1 Fc, similar to the control. All other compounds shown inhibited retraction, and the cells remained flat. (C) Dose--response curve for forskolin-mediated inhibition of cell retraction analyzed by automated image analysis in the 384-well format. Averages and SEs from quadruplicate measurements from two experiments carried out on different days.](2757fig1){#F1}

Elevated cAMP blocks EphA2-mediated PC3 cell retraction
-------------------------------------------------------

Most of the hits are agonists for β2-adrenergic receptors (adrenoceptors; Supplemental Table S1), which signal by activating adenylate cyclase, thus increasing intracellular cAMP levels. Some hits can also activate α2- and β1-adrenoceptors, and three of the hits activate the A2 adenosine receptor, all of which also signal by increasing cAMP levels. Hit compounds could in principle inhibit cell retraction induced by ephrin-A1 Fc through several mechanisms. For example, they could act as antagonists that prevent ephrin ligand binding to EphA2. Of interest, the α1-adrenoceptor antagonist doxazosin binds to the EphA2 ligand-binding domain, although it functions as an agonist ([@B70]). However, an enzyme-linked immunosorbent assay (ELISA) measuring interaction of EphA2 ligand-binding domain fused to alkaline phosphatase with immobilized ephrin-A1 Fc did not reveal significant antagonistic activity of several hit compounds of different classes even at concentrations of 20 μM (Supplemental Figure S2A).

An additional hit was forskolin, a compound that directly activates adenylate cyclase (Supplemental Table S1 and [Figure 1, B and C](#F1){ref-type="fig"}). Therefore the nature of the hit compounds identified in the screen supports a role for cAMP in the inhibition of EphA2-mediated cell retraction. Indeed, treatment of PC3 cells with dibutyryl cAMP, a membrane-permeable cAMP analogue, also prevented cell retraction ([Figure 1B](#F1){ref-type="fig"}). Thus the results of the screen reveal an unexpected and intriguing cross-talk between EphA2 and G protein--coupled receptors that elevate cAMP.

We used the hits forskolin and norepinephrine to further investigate the mechanism of EphA2 regulation by cAMP. The two compounds did not decrease EphA2 levels in unstimulated PC3 cells and did not substantially accelerate EphA2 degradation induced by the ephrin-A1 Fc ligand (Supplemental Figure S2, B and C). Forskolin also did not reduce EphA2 tyrosine phosphorylation (indicative of kinase activity) in cells treated with ephrin-A1 Fc (Supplemental Figure S2, B and C). In addition, forskolin did not detectably affect EphA2 endocytosis induced by ephrin-A1 Fc stimulation (Supplemental Figure S2D). Thus cAMP blocks PC3 cell retraction without down-regulating total or cell surface EphA2 and without inhibiting receptor canonical signaling, which depends on ephrin ligand-binding and kinase activity.

The β2-adrenoceptor/cAMP/PKA axis promotes EphA2 phosphorylation on S897 and several nearby residues
----------------------------------------------------------------------------------------------------

Given that EphA2 ligand binding, kinase activity, and protein stability were not affected by β2-adrenoceptor agonists or forskolin, we searched for other modifications in EphA2 that could explain the inhibition of cell retraction triggered by these compounds. Of interest, mass spectrometry experiments revealed that forskolin promotes phosphorylation of multiple serine/threonine residues in the linker segment connecting the kinase and SAM domains, markedly increasing the number of doubly phosphorylated peptides detected ([Figure 2, A and B](#F2){ref-type="fig"}, and Supplemental Table S2). The EphA2 kinase--SAM linker segment comprises 20 amino acids ([@B78]), six of which (T883, S892, S897, T898, S899, and S901) could be phosphorylated. Analysis of the PhosphoSitePlus database (phosphosite.org) confirmed that five of the six residues form a cluster of phosphorylated residues (phosphorylation hotspot), whereas phosphorylation of T883 has not been documented ([Figure 2C](#F2){ref-type="fig"}).

![Forskolin increases phosphorylation of S897 and other hotspot sites in the EphA2 kinase--SAM domain linker segment. (A) Number of peptides (spectral counts) from the EphA2 kinase--SAM linker segment identified by mass spectrometry as containing the indicated phosphosite in control and forskolin-treated PC3 cells. The sequence of the two peptides containing hotspot residues is shown at the top, with the assigned phosphorylated residues in bold. (B) Left, number of peptides from A with one or two phosphosites, illustrating the dramatic increase in doubly phosphorylated peptides. Right, total number of EphA2 peptides detected, which was similar in control and forskolin-treated cells, indicating that similar total EphA2 levels were analyzed. (C) Number of studies in which each hotspot phosphosite was identified, which provides an indication of the abundance of the phosphosite.](2757fig2){#F2}

Phosphorylation of S897 is critical for the EphA2 noncanonical signaling mechanism that promotes cancer cell malignancy ([@B53], [@B51]; [@B63]). S897 is part of an RXXS motif (where R is arginine, X is any residue, and S is S897), which can be phosphorylated by the basophilic AGC kinases ([@B74]; scansite3.mit.edu). AKT has indeed been reported to phosphorylate EphA2 S897 in many cancer cell lines, including PC3 cells ([@B53]). However, we did not detect substantially increased AKT phosphorylation on the T308 and S473 regulatory sites in PC3 cells treated with forskolin ([Figure 3, A and B](#F3){ref-type="fig"}). In addition, forskolin increased EphA2 S897 phosphorylation even in the presence of the phosphoinositide 3 (PI3) kinase inhibitor wortmannin, which completely abolished AKT phosphorylation ([Figure 3A](#F3){ref-type="fig"}). Taken together, these results imply that forskolin treatment does not increase S897 phosphorylation in PC3 cells by enhancing AKT activation. Ribosomal S6 kinase (RSK), another AGC kinase, has also been reported to phosphorylate EphA2 on S897 in various cancer cell lines downstream of the activated ERK pathway and in response to inflammatory cytokines ([@B57]; [@B95]). However, we detected only very low ERK1/2 and RSK1/2/3 phosphorylation (at sites indicative of activation) in PC3 cells, and RSK phosphorylation was not increased by forskolin ([Figure 3B](#F3){ref-type="fig"}). Thus the two serine/threonine kinases known to phosphorylate S897 did not seem to be responsible for the effects of forskolin in PC3 cells.

![Forskolin and β2-adrenoceptor agonists increase EphA2 phosphorylation on S897 by PKA as well as phosphorylation on S901. (A) PC3 cells were treated with the PKA inhibitor H89 or the PI3 kinase inhibitor wortmannin (WTM) for 1 h and with forskolin (FSK) for the last 40 min of inhibitor treatment. Cell lysates were probed by immunoblotting with the indicated antibodies. (B) Phosphokinase array signals show the effects of 40-min forskolin treatment on the indicated phosphosites. Images of the duplicate spots on the arrays and exposure times for the autoradiographs are shown at the top. The histogram shows averages from quantification of the spots, with the error bars representing SDs. (C) In vitro kinase reactions with immunoprecipitated EphA2 WT (with and without the H89 PKA inhibitor) or S897A mutant. A control immunoprecipitate is also included. The immunoblot was probed with a phospho-S897--specific antibody and reprobed for EphA2. (D) PC3 cells transfected with empty vector or with constructs encoding PKA WT, the kinase-inactive PKA K72H mutant (PKA KD), or the PKA inhibitor peptide PKI were treated for 30 min with PBS as a control or 10 μM norepinephrine, and lysates were probed with the indicated antibodies. (E) PC3 cells were treated with vehicle DMSO as a control, 20 μM forskolin, or 10 μM indicated β-adrenoceptor agonists for 1 h. Where indicated, cells were treated with 1 μM β-adrenoceptor antagonist propanolol (prop.) for 1 h before the 1-h treatment with β-adrenoceptor agonists. EphA2 immunoprecipitates were probed by immunoblotting for phospho-S897 and reprobed for EphA2. (F) EphA2 WT immunoprecipitated from transiently transfected HEK293 cells was either left untreated or treated with calf-intestinal alkaline phosphatase (CIP) to dephosphorylate the receptor. The control immunoprecipitate was obtained with nonimmune rabbit immunoglobulin Gs. The immunoprecipitates and a cell lysate for comparison were probed with the phospho-S901--specific antibody, a phospho-S897--specific antibody, or an EphA2 antibody. (G) Lysates of HEK293 cells transiently transfected constructs encoding EphA2 WT and the indicated EphA2 mutants or empty vector as a control were probed with the phospho-S901--specific antibody, a phospho-S897--specific antibody, or an EphA2 antibody. (H) In vitro kinase reactions measuring the phosphorylation of immunoprecipitated EphA2 WT and the indicated phosphosite mutants incubated with recombinant CK1 or PKA. EphA2 immunoprecipitates incubated only with ATP without any recombinant kinase served as a control. The EphA2 immunoprecipitates were probed by immunoblotting for phospho-S901 and phospho-S897 and then reprobed for EphA2.](2757fig3){#F3}

Another AGC kinase, protein kinase A (PKA), is directly regulated by cAMP and can also recognize the RXXS substrate motif containing S897 ([@B74]). Indeed, previous proteomics studies showed that PKA (phosphorylated on T198 in the activation loop) colocalizes in protrusions at the leading edge of migrating cells together with EphA2 phosphorylated on S897 or both S897 and S901 ([@B93]). Supporting the hypothesis that forskolin-induced EphA2 S897 phosphorylation is mediated by PKA, the PKA kinase inhibitor *N*-\[2-(*p*-bromocinnamylamino)ethyl\]-5-isoquinolinesulfonamide (H89) abolished the phosphorylation ([Figure 3A](#F3){ref-type="fig"}). In addition, purified recombinant PKA phosphorylated S897 in an in vitro kinase assay, which was also inhibited by H89 ([Figure 3C](#F3){ref-type="fig"}). Furthermore, overexpression of PKA wild type (WT) resulted in increased EphA2 phosphorylation on S897 in unstimulated as well as norepinephrine-stimulated cells, whereas expression of the PKA K72H kinase-dead mutant ([@B38]) or the PKA inhibitor peptide PKI ([@B22]) inhibited EphA2 S897 phosphorylation induced by norepinephrine stimulation ([Figure 3D](#F3){ref-type="fig"}). Additional experiments confirmed that different β2-adrenoceptor agonists that were identified as hits in the screen increase EphA2 S897 phosphorylation in PC3 cells and that the β-adrenoceptor antagonist propanolol greatly reduces this phosphorylation ([Figure 3E](#F3){ref-type="fig"}). Taken together, these results implicate the β2-adrenoceptor/cAMP/PKA axis in the regulation of EphA2 S897 phosphorylation.

Because our mass spectrometry data and the PhosphoSitePlus database both suggest that S901 is an abundant hotspot phosphorylation site that is up-regulated by forskolin concomitant with the S897 phosphosite ([Figures 2, A and C](#F2){ref-type="fig"}, and [3A](#F3){ref-type="fig"}), we generated phosphospecific antibodies to further investigate S901 phosphorylation ([Figure 3, F and G](#F3){ref-type="fig"}). Of interest, immunoblotting revealed that phosphorylation on S901 is greatly reduced in the EphA2 S897A mutant expressed in HEK293 cells ([Figure 3G](#F3){ref-type="fig"}), suggesting a mechanism by which S897 phosphorylation primes EphA2 for phosphorylation on S901. Thus S901 phosphorylation may depend on hierarchical phosphorylation by a kinase such as casein kinase 1 (CK1), which recognizes S/T residues located to the C-terminus of a phosphorylated S/T residue ([@B24]; [@B25]; [@B76]; scansite3.mit.edu). The EphA2 S897D mutant was only slightly more phosphorylated on S901 than the S897A mutant ([Figure 3G](#F3){ref-type="fig"}), suggesting that a single aspartic acid poorly mimics the effect of phosphorylated S897, consistent with the reported specificity of CK1 ([@B25]; [@B92]) and with the inability of the EphA2 S897D mutant to stimulate cell migration as phosphoS897 EphA2 does ([@B53]). We confirmed that CK1 can phosphorylate EphA2 on S901 in an in vitro kinase reaction and found that the EphA2 S897A mutant displayed reduced phosphorylation on S901, suggesting that phosphorylation at S897 is a priming step required for S901 phosphorylation ([Figure 3H](#F3){ref-type="fig"}). CK1 also appeared to weakly phosphorylate S897, despite the fact that this residue is not part of a typical CK1 substrate motif ([Figure 3H](#F3){ref-type="fig"}). In summary, our data show that the β2-adrenoceptor/cAMP/PKA axis can increase phosphorylation of multiple S/T residues in the EphA2 kinase--SAM linker segment, which could play a role in counteracting cell retraction.

S897 phosphorylation by PKA is critical for inhibition of cell retraction induced by EphA2
------------------------------------------------------------------------------------------

We found that treatment of PC3 cells with the PKA-selective agonist 6-Benz-cAMP at a concentration of 200 μM partially inhibits ephrin-A1 Fc--induced cell retraction ([Figure 4, A--C](#F4){ref-type="fig"}) and promotes S897 phosphorylation (albeit to a lesser extent than forskolin; [Figure 4D](#F4){ref-type="fig"}), implicating PKA activation in inhibition of cell retraction.

![PKA activation inhibits EphA2-dependent cell retraction. (A) Representative images of phalloidin-labeled PC3 cells stimulated for 12 min with 0.5 μg/ml control Fc or ephrin-A1 Fc or pretreated for 40 min with 20 μM forskolin or 200 μM of the PKA agonist 6-Benz-cAMP before ephrin-A1 Fc stimulation. Scale bar, 50 μm. (B) Histogram showing average cell areas ± SE under the different conditions (693 cells/condition from three experiments in each of which 77 cells/well from three wells were counted). \*\*\*\**p* \< 0.0001 for the comparison with the ephrin-A1 Fc condition by one-way analysis of variance (ANOVA) followed by Tukey's multiple comparisons test. (C) Cumulative distribution showing the relative frequencies of cells with areas smaller than indicated on the *x*-axis. (D) Immunoblot of PC3 cells treated with 6-Benz-cAMP or forskolin to assess the levels of EphA2 phosphorylation on S897.](2757fig4){#F4}

To evaluate the importance of different EphA2 hotspot phosphosites in the inhibition of cell retraction by cAMP, we knocked down endogenous EphA2 in PC3 cell populations and replaced it with EphA2 mutants lacking the S892, S897, or S901 phosphosite. Remarkably, cells expressing the EphA2 S897A mutant were insensitive to the effects of forskolin and underwent extensive retraction after ephrin-A1 Fc stimulation even in the presence of forskolin, suggesting that S897 phosphorylation is critical for inhibition of cell retraction by cAMP/PKA ([Figure 5](#F5){ref-type="fig"}). In contrast, ephrin-A1 Fc--induced retraction was completely inhibited by forskolin in PC3 cells expressing the S892A or S901A mutant, similar to the cells expressing EphA2 WT. Knockdown cells not reconstituted with EphA2 exhibited reduced retraction when stimulated with ephrin-A1 Fc, as expected, with some retraction still occurring both in the absence and in the presence of forskolin. This residual retraction is likely due to some remaining EphA2 and/or low expression of other EphA receptors responsive to ephrin-A1 Fc, such as possibly EphA4 ([@B1]; [@B99]). These results were confirmed using independently generated PC3 cell populations expressing WT or mutant EphA2 (Supplemental Figure S3). Thus phosphorylation of S897 by PKA, possibly in concert with phosphorylation of other hotspot sites primed by S897 phosphorylation, mediates the inhibitory effect of forskolin on PC3 cell retraction induced by ephrin-A1 stimulation.

![Inhibition of EphA2-dependent cell retraction by cAMP requires S897 phosphorylation. (A) Representative images of phalloidin-labeled, EphA2-knockdown PC3 cell populations infected with pLVX-IRES-Neo lentiviral vector (Vector) or lentivirus encoding WT EphA2 (WT) or the indicated EphA2 mutants. The cells, pretreated or not for 40 min with 20 μM forskolin, were stimulated for 12 min with 0.5 μg/ml control Fc or ephrin-A1 Fc. (B) Histogram showing average cell areas ± SE for the different conditions (160 cells/condition from an experiment in which 80 cells/well from two wells were measured). \*\*\*\**p* \< 0.0001 for the comparison of ephrin-A1 Fc--stimulated cells with the corresponding Fc-stimulated cells by one-way ANOVA followed by Sidak's multiple comparisons test. (C) Immunoblot of PC3 cells transduced with empty lentiviral vector control and cells expressing the different EphA2 mutants to assess the levels of EphA2 expression and phosphorylation on S897 and S901.](2757fig5){#F5}

EphA2 S897 phosphorylation by PKA is not mutually exclusive with ephrin-induced canonical signaling
---------------------------------------------------------------------------------------------------

Previous reports showed that ephrin stimulation of canonical signaling can rapidly decrease S897 phosphorylation, suggesting that EphA2 exists in two alternative signaling states with distinctive activities: tyrosine phosphorylated or phosphorylated on S897 ([@B53], [@B51]; Supplemental Figure S5A). Antibody phosphokinase array analysis of PC3 cells revealed a dramatic decrease in AKT phosphorylation on both T308 and S473 after 12-min ephrin-A1 Fc stimulation ([Figure 6, A and B](#F6){ref-type="fig"}), in agreement with published data ([@B53]; [@B94]). Phosphorylation of a number of AKT substrates and downstream targets, including p70 S6 kinase, GSK3α/β, PRAS40, WNK1, and CREB ([www.cellsignal.com/common/content/content.jsp?id=science-tables-akt-substrate](http://www.cellsignal.com/common/content/content.jsp?id=science-tables-akt-substrate)), was also concomitantly reduced by ephrin-A1 Fc stimulation, as expected. AKT inhibition likely also contributes to the loss of EphA2 S897 phosphorylation induced by ephrin-A1 Fc stimulation in cancer cell lines with high AKT activation and low PKA activation and thus to the low EphA2 S897 phosphorylation when EphA2 is tyrosine phosphorylated in these cells ([@B53]; [@B94]).

![EphA2 canonical signaling rapidly inhibits AKT but not PKA. (A) PC3 cells stably expressing EphA2 WT or the S897A mutant were treated with 20 μM forskolin for 40 min and/or 0.5 μg/ml ephrin-A1 Fc for 12 min. Lysates were probed by immunoblotting with the indicated antibodies. (B) Quantification of pS897 and pS901 phosphorylation relative to total EphA2 levels and normalized to the value in forskolin-treated cells. Averages ± SE from four independent experiments. The pS897 and pS901 levels in cells stimulated with forskolin and ephrin-A1 Fc are not significantly different from those in cells stimulated only with forskolin by one-sample *t* test. (C) Normalized phosphokinase array signals show the effects of ephrin-A1 Fc stimulation, with or without forskolin treatment, on the indicated phosphosites. Images of the duplicate spots on the arrays and exposure times for the autoradiographs are shown at the top. The histogram shows averages from quantification of the spots, normalized to the control condition for each phosphosite, with the error bars representing SDs.](2757fig6){#F6}

In contrast to AKT, we did not detect rapid loss of PKA activation after stimulation of EphA2 canonical signaling, based on the lack of effect of ephrin-A1 Fc on CREB S133 phosphorylation as well as EphA2 S897 phosphorylation in PC3 cells treated with forskolin ([Figure 6](#F6){ref-type="fig"}). Thus EphA2 can be simultaneously phosphorylated on both S897 and tyrosine residues in forskolin-treated PC3 cells stimulated with ephrin-A1 Fc.

The cAMP/PKA signaling axis increases EphA2 S897 phosphorylation in a subset of cancer cell lines
-------------------------------------------------------------------------------------------------

Besides PC3 cells, cAMP/PKA signaling activated by forskolin can increase EphA2 S897 phosphorylation in other aggressive cancer cell lines examined, including the androgen-independent DU145 prostate cancer cell line and the pancreatic cancer cell lines PANC1 and MIA PaCa2 ([Figure 7](#F7){ref-type="fig"}), consistent with the reported role of S897 phosphorylation in cancer malignancy ([@B53], [@B51]; [@B7]; [@B89]; [@B42]; [@B63]; [@B95]). Forskolin also modestly increased EphA2 S897 phosphorylation in the moderately aggressive BxPC3 pancreatic cancer cell line. In contrast, forskolin did not increase EphA2 S897 phosphorylation in less aggressive cell lines such as the androgen receptor--positive RWPE2 and LNCaP prostate cancer cell lines (the latter engineered to express EphA2), the Capan2 and PL45 pancreatic cancer cell lines, and immortalized nontumorigenic prostate epithelial cell lines (RWPE1 and BPH1; [Figure 7B](#F7){ref-type="fig"}). Forskolin also did not increase the high EphA2 S897 phosphorylation observed in the aggressive Hs766T and AsPC1 pancreatic cancer cell lines. Control experiments in which AKT was inactivated by treatment with the PI3 kinase inhibitor wortmannin confirmed that the observed increase in EphA2 S897 phosphorylation induced by forskolin was independent of AKT (Supplemental Figure S4). In addition, forskolin promoted phosphorylation of the PKA substrate CREB, consistent with inducing PKA activation, even in cells in which EphA2 S897 phosphorylation was not increased. We also used epidermal growth factor (EGF), whose downstream signaling pathways are known to promote EphA2 S897 phosphorylation ([@B53]), to confirm that the S897 phosphosite can be regulated through PKA-independent mechanisms in cell lines that are insensitive to forskolin. Thus our findings indicate that PKA activation can promote EphA2 S897 phosphorylation in a variety of cancer cell lines, although this signaling connection might not be operational in immortalized prostate and pancreatic epithelial cells and in some of the cancer cell lines.

![PKA phosphorylates EphA2 on S897 in a subset of cancer cells. (A) Prostate cancer and immortalized prostate epithelial cell lines and (B) pancreatic cancer cell lines were treated with vehicle DMSO as a control, 20 μM forskolin, or 10 ng/ml EGF for 20 min. Cell lysates were probed by immunoblotting with the indicated antibodies. pAKT indicates AKT phosphorylated on S473; pCREB indicates CREB phosphorylated on S133. A vertical gap indicates that irrelevant intervening lanes from the blot were removed. Additional control lanes and immunoblots with additional control antibodies are shown in Supplemental Figure S4.](2757fig7){#F7}

DISCUSSION
==========

We developed a cell-based, high-throughput screening platform that takes advantage of ephrin-A1--induced morphological changes in PC3 cells and allowed us to identify inhibitors of cell retraction induced by EphA2 canonical signaling. The compounds identified do not interfere with ephrin ligand binding, EphA2 kinase activity, or EphA2 endocytosis and do not promote EphA2 degradation. Instead, they function by elevating intracellular cAMP. Neutralization of the EphA2-repulsive effects by cAMP requires EphA2 phosphorylation on S897, since forskolin did not prevent the retraction of PC3 cells expressing the nonphosphorylatable EphA2 S897A mutant. This mutant induces normal cell retraction through canonical signaling but is incapable of mediating the opposing effects of noncanonical signaling, which depend on S897 phosphorylation. It will be interesting to investigate whether the effect of the S897A mutation on retraction also depends on concomitant impaired phosphorylation of S901 and possibly other hotspot sites or whether loss of only S897 phosphorylation is sufficient to restore cell retraction in the presence of forskolin.

The precise mechanism through which phosphorylation of S897, possibly in conjunction with phosphorylation of other hotspot sites, blocks cell retraction mediated by EphA2 canonical signaling remains to be elucidated. For example, EphA2 noncanonical signaling through S897 phosphorylation can increase RAC1 activity and cell protrusions through Ephexin4 and RhoG ([@B32]), which could oppose RhoA-induced cell retraction ([@B54]; [@B1]). Regardless of its precise mechanism of action, EphA2 S897 phosphorylation might block cell retraction by acting in concert with other signaling events triggered by high cAMP levels in PC3 cells. cAMP can signal through two main pathways---PKA and the EPAC family of RAP1 exchange factors ([@B14]; [@B28]). PKA-dependent regulation of a number of actin cytoskeleton regulatory proteins could contribute to cell spreading and inhibition of cell retraction ([@B34], [@B35]; [@B49]). For example, PKA can phosphorylate and inactivate RhoA, which could both decrease actomyosin contractility and stabilize microtubules ([@B34]; [@B5]). PKA can also increase RAC1/CDC42 activation and cell protrusion as well as decrease myosin light chain phosphorylation and actomyosin contraction through several mechanisms ([@B34]; [@B36]). Although RAP1-induced integrin activation can inhibit EphA receptor--mediated cell retraction ([@B72]; [@B94]), a less critical role of RAP1 in forskolin-induced inhibition of PC3 cell retraction would be predicted. This is because PKA activated by cAMP can phosphorylate RAP1, decreasing its plasma membrane localization and activation ([@B86]), which would dampen possible effects of EPACs. In addition, EphA2 canonical signaling can down-regulate RAP1 activity in PC3 cells by inhibiting the C3G exchange factor and might also activate RAP1 GTPase-activating proteins ([@B72]; [@B37]).

Although AKT was originally reported as the predominant kinase responsible for EphA2 phosphorylation on S897, we report here that PKA can also robustly phosphorylate this residue. PKA-dependent phosphorylation of S897 is not surprising, given the similar substrate motifs recognized by PKA and AKT ([@B74]). Indeed, recent evidence also shows that other AGC kinases, such as RSK, can phosphorylate EphA2 on S897, for example, downstream of transforming growth factor β or the activated ERK mitogen-activated protein kinase pathway ([@B57]; [@B95]). Thus multiple signaling pathways can converge on the regulation of EphA2 noncanonical signaling through S897 phosphorylation.

Previous reports showed that EphA2 S897 phosphorylation occurs independently of ephrin binding and that in some cells, tyrosine and S897 phosphorylation characterize two separate EphA2 signaling forms, presumably because EphA2 canonical signaling can rapidly inactivate AKT (Supplemental Figure S5A; [@B53], [@B51]; [@B94]). In contrast, our data show that when S897 is phosphorylated by a kinase that is not inactivated by EphA2, such as PKA, then noncanonical signaling can coexist with canonical signaling and block at least some of its functional effects (Supplemental Figure S5B). This represents a new paradigm in EphA2 signaling function.

We found that cAMP increases EphA2 phosphorylation on not only the previously characterized S897 but also three other nearby residues that are part of a phosphorylation hotspot in the EphA2 kinase--SAM linker segment. Of interest, phosphorylation of all five hotspot sites has been detected by mass spectrometry, often with concomitant phosphorylation of two or three sites in the same peptide ([Figure 3C](#F3){ref-type="fig"}; [www.phosphosite.org](http://www.phosphosite.org)). Thus phosphorylation of the EphA2 kinase--SAM linker segment may serve to integrate coincident signals from different serine/threonine kinases. Because AGC kinases have similar substrate recognition motifs, additional kinases of this group might also phosphorylate S897 (scansite3.mit.edu). Furthermore, our data suggest that EphA2 S897 phosphorylation primes EphA2 for phosphorylation on S901 by CK1 and possibly other serine/threonine kinases with similar substrate specificity ([@B25]; [@B92]). Thus S897 phosphorylation appears to control at least one other hotspot phosphosite, and it will be interesting to investigate whether it can control others. This could explain how cAMP can increase phosphorylation of hotspot sites that do not conform to a PKA substrate motif. Of the five hotspot phosphosites, phospho-S897 appears to be the functionally most important one for regulation of PC3 cell retraction. However, other hotspot phosphosites may be required together with phospho-S897 to block cell retraction, whereas only a single phosphosite could be ineffective. Alternatively, other hotspot phosphosites may serve to reinforce/prolong the effects of S897 phosphorylation or confer additional, yet-unknown functional properties to EphA2.

Of interest, the results of our high-content screen reveal a previously unknown cross-talk between EphA2 and G protein--coupled receptors that stimulate adenylyl cyclase, thus elevating intracellular cAMP. Rewiring of EphA2 signaling by β2-adrenoceptors has potentially important translational implications since β2-adrenoceptors are present in many types of cancer cells and cells of the tumor microenvironment ([@B20]; [@B19]; [@B30]). β2-Adrenoceptors in tumors could be activated by stress hormones such as epinephrine (adrenaline) released in the circulation by the adrenal gland and norepinephrine (noradrenaline) released locally by sympathetic nerves innervating tumor tissue ([@B31]; [@B19]; [@B30]). In fact, sympathetic nerves have been linked to malignancy in prostate and other cancers, and their density has been associated with poor clinical outcome ([@B48]; [@B30]). Furthermore, many widely used drugs, such as bronchodilators, vasodilators, and muscle relaxants, function by activating β2-adrenoceptors, whereas other drugs, such as β-blockers, inhibit them. Thus increased EphA2 noncanonical signaling could contribute to the effects of stress and β2-adrenoceptor agonists on cancer malignancy, whereas its inhibition could contribute to the beneficial effects of β-blockers, as documented in mouse cancer models and human cancer epidemiologic studies ([@B15]; [@B71]; [@B20]; [@B19]; [@B88]).

EphA2 may be part of a PKA signaling program promoting malignancy through S897 phosphorylation ([@B53], [@B51]; [@B7]; [@B89]; [@B42]; [@B63]; [@B95]), since we detected PKA-dependent EphA2 phosphorylation on S897 in some aggressive prostate and pancreatic cancer cell lines. Besides the stress hormones/cAMP/PKA axis, a number of cytokines in the tumor microenvironment, including EGF, can promote S897 phosphorylation ([@B53]; [@B95]). This is in addition to the genetic and epigenetic alterations that can lead to the constitutive activation of AKT and RSK in many tumor types. How pathways regulating the three serine/threonine kinases may converge to regulate EphA2 S897 phosphorylation to affect tumor progression likely depends on both the cellular context of the tumor cells and their environment. Indeed, PKA activation did not increase S897 phosphorylation in some of the cancer cell lines examined and the nontransformed prostate cell lines, consistent with differential effects of PKA, depending on the cellular context. Previous studies also documented dual effects of the cAMP/PKA axis in promoting or inhibiting cancer cell migration/invasiveness and malignancy, depending on an intricate combination of factors ([@B79]; [@B58]; [@B75]; [@B49]; [@B9]; [@B77]). The signaling networks that enable PKA-dependent S897 phosphorylation could lead to a series of consequences ranging from increased invasiveness, metastatic ability, and stemness to drug resistance ([@B55]; [@B52],b; [@B96]; [@B7]; [@B77]; [@B63]; [@B46]). Supporting this notion, PKA and the hotspot-phosphorylated form of EphA2 are both important for cell migration/invasiveness and enriched in protrusive structures at the leading edge of moving cells ([@B36]; [@B93]; [@B49]). In future studies, it will be interesting to investigate whether concomitant activation of EphA2 noncanonical signaling might subvert other effects of canonical signaling besides cell repulsion and whether the interplay of canonical and noncanonical signaling might lead to additional new activities of EphA2.

MATERIALS AND METHODS
=====================

Reagents
--------

### Chemical compounds.

The LOPAC 1280 library and individual chemical compounds for follow-up studies were purchased from Sigma-Aldrich (St. Louis, MO). They include forskolin (F6886), (--)-epinephrine (+)-bitartrate (E4375), (--)-3,4-dihydroxynorephedrine (D5290), ritodrine hydrochloride (R0758), (R)-(--)-phenylephrine hydrochloride (P6126), 5′-(*N*-ethylcarboxamido)adenosine (E2387), (--)-isoproterenol hydrochloride (I6504), terbutaline hemisulfate (T2528), (S)-(--)-propranolol hydrochloride (P8688), and [l]{.smallcaps}-(--)-norepinephrine (+)-bitartrate (A9512). *N*^6^,2′-*O*-Dibutyryladenosine 3′,5′-cyclical monophosphate (D0627) and wortmannin (W3144) were also from Sigma-Aldrich. *N*^6^-Benzoyladenosine-3′,5′-cyclical monophosphate (6-Benz; B009) was from BioLog (Hayward, CA), and H89 (H-5239) was from LC Laboratories (Woburn, MA).

### Other reagents.

Lipofectamine 2000 (11668019) was from Thermo Fisher Scientific (Waltham, MA). 4′,6-Diamidino-2-phenylindole (DAPI; D9542) was from Sigma-Aldrich. GammaBind G Sepharose beads (17-0885-01) were from GE Healthcare (Little Chalfont, United Kingdom) and rhodamine-conjugated phalloidin was from Biotium (00027; Hayward, CA) or Thermo Fisher Scientific (R415). Oligonucleotides were from Integrated DNA Technologies (Coralville, IA). Bovine serum albumin (BSA; 3116964001) was from Roche Diagnostics (Indianapolis, IN).

### Recombinant proteins.

Mouse ephrin-A1 Fc (602-A1-200) and recombinant human EGF (236-EG) were from R&D Systems (Minneapolis, MN); human Fc (ICN55911) was from MP Biomedicals (Santa Ana, CA); the PKA catalytic subunit used in [Figure 3C](#F3){ref-type="fig"} was kindly provided by Susan Taylor (University of California, San Diego, La Jolla, CA); and that used in [Figure 3H](#F3){ref-type="fig"} was purchased from New England Biolabs (P6000S; Ipswich, MA); casein kinase 1 (CK1, P6030S), calf intestinal alkaline phosphatase (M0290S), and restriction enzymes were also from New England Biolabs; *Pfu* Turbo DNA polymerase (600250) was from Agilent Technologies (Santa Clara, CA).

### Antibodies.

EphA2 antibodies were from EMD Millipore (05-480 clone D7; Billerica, MA), Thermo Fisher Scientific (34-7400), Santa Cruz Biotechnology (SC-924; Dallas, TX), and R&D Systems (AF3035); antibodies to EphA2 phospho-S897 were from Cell Signaling Technology (6347; Danvers, MA) and Cell Applications (CY1108; San Diego, CA); antibodies to EphA2 phospho-Y588 (12677), CREB phospho-S133 (9196S), CREB (9197S), AKT phospho-S473 (4056S), and AKT (9272S) were from Cell Signaling Technology; the PY20 phosphotyrosine--horseradish peroxidase (HRP) antibody (610012) was from BD Biosciences (Franklin Lakes, NJ); the anti--β-tubulin antibody (T0198) was from Sigma-Aldrich; and the hemagglutinin (HA) antibody (MMS-101R, HA.11 clone 16B12) was from Covance (San Diego, CA). Secondary HRP-conjugated antibodies against rabbit (AP307PMI), mouse (AP124PMI), and goat (AP106P) were from EMD Millipore. The anti-FLAG M2 affinity gel (A2220) was from Sigma-Aldrich.

### Cell lines and media.

The PC3 (CRL-1435), RWPE1 (CRL-11609), RWPE2 (CRL-11610), AsPC1 (CRL-1682), and Hs766T (HTB-134) cell lines were purchased from the American Type Culture Collection (Manassas, VA). The BPH1 cell line (originally generated at University of California, San Francisco, San Francisco, CA) was kindly provided by S. Hayward (Vanderbilt University, Nashville, TN), the DU145 cell line by E. Adamson (Sanford Burnham Prebys Medical Discovery Institute, La Jolla, CA), the LNCaP cell line by J. Reed (Sanford Burnham Prebys Medical Discovery Institute), the BxPC3 cell line by P. Itkin-Ansari (Sanford Burnham Prebys Medical Discovery Institute), the MIA PaCa2 cell line by C. Comisso (Sanford Burnham Prebys Medical Discovery Institute), the PANC1 cell line by F. Levine (Sanford Burnham Prebys Medical Discovery Institute), and the Capan2 and PL45 pancreatic cancer cell lines by G. Powis (Sanford Burnham Prebys Medical Discovery Institute). The Lenti-X HEK293T cell line (632180) was purchased from Takara Clontech (Mountain View, CA). RPMI-1640 medium (10-040-CV) and DMEM (10-013-CV) were purchased from Corning (Tewksbury, MA). Fetal bovine serum was from Hyclone (Logan, UT), Keratinocyte Serum Free Medium (17005-042), McCoy's 5a Medium Modified (16600108), and Kaighn's F12 medium (21127022) were purchased from Thermo Fisher Scientific. Puromycin (ant-pr-1) was purchased from Invivogen (San Diego, CA). Neomycin (04727894001) was purchased from Roche Diagnostics. Antibiotic antimycotic (45000-616) was purchased from Corning.

High-content screening assay to measure PC3 cell retraction
-----------------------------------------------------------

To highlight cell shape for automated imaging in high-throughput format, a PC3 cell population stably expressing the membrane-targeted EGFP-F was generated by infection of PC3 cells with a pLenti6.2/V5-DEST lentiviral vector encoding EGFP-F (from the Sanford Burnham Prebys Medical Discovery Institute's Viral Vector Core Facility). To obtain a cell population with a more uniform fluorescence, cells with medium EGFP fluorescence intensity were selected by fluorescence-activated cell sorting (Supplemental Figure S1A).

The protocol to induce cell retraction was adapted for high-content screening in 384-well tissue culture plates by optimizing the cell density, ephrin-A1 Fc and dimethyl sulfoxide (DMSO) concentrations, and time of exposure to ephrin-A1 Fc. For automated measurement of cell retraction, it is desirable to capture a maximum number of cells per image field while keeping cells separate from each other to allow accurate detection of the outlines of individual cells. By seeding cells at different densities varying from 500 to 2500 cells/well in 384-well tissue culture plastic plates, an optimal cell density of ∼2200 cells/well was determined (Supplemental Figure S1A). Because chemical library compounds are usually dissolved in DMSO, DMSO sensitivity was also evaluated (Supplemental Figure S1C). This showed that the PC3-EGFP-F cells do not exhibit significant changes in cell area at DMSO concentrations of up to 0.5%. At higher DMSO concentrations, a reduction in cell area occurred, which could interfere with the cell retraction assay. To find the optimal ephrin-A1 Fc concentration inducing a consistent cell retraction, dose--response curves were obtained at varying incubation times (Supplemental Figure S1B and unpublished data). The optimal ephrin-A1 Fc concentration to induce cell retraction for the assay in the 384-well format was estimated to be slightly \>1 μg/ml, which caused 80--100% maximal cell retraction at incubation times of 15--25 min. The time dependence of the ephrin-A1 Fc--induced EphA2-mediated cell retraction was evaluated over a 5- to 60-min time period. The optimal ephrin-A1 Fc incubation time, resulting in the highest amount of retraction with consistent repeatability across replicates, was determined to be 15--25 min (Supplemental Figure S1B and unpublished data). The retraction assay was carried out at 37°C because the assay did not yield satisfactory results at room temperature.

For high-content screening, PC3-EGFP-F cells cultured in Kaighn's F12 medium with 10% fetal bovine serum (FBS) were trypsinized, resuspended in Kaighn's F12 medium with 5% FBS at 2200 cells/well in 25 μl of culture medium, and grown overnight at 37°C in a 5% CO~2~ incubator. The next day, the cells were treated for 25 min with 5 μM chemical compounds in 25 μl of culture medium and then stimulated for 20 min with ephrin-A1 Fc added in 25 μl of cell culture medium to reach a final concentration of 1.25 μg/ml in the continued presence of the compounds (the final compound concentration after ephrin-A1 Fc addition was 2.5 μM, and the final DMSO concentration was 0.25%). The cells were then fixed with 4% formaldehyde in phosphate-buffered saline (PBS) for 30 min at room temperature, and nuclei were stained with DAPI (Supplemental Figure S1A).

Image acquisition was performed on an Opera QEHS (Perkin­Elmer, Waltham, MA) with 10×/0.45 numerical aperture air objective, since 10× magnification produced reproducible assay performance with a minimum amount of imaging time. Images were acquired sequentially for EGFP (using 488-nm laser excitation and a 540/70-nm emission filter) and DAPI (using 365-nm xenon lamp excitation and a 450/50-nm emission filter). An image analysis protocol was developed using Acapella 2.0 HCS software with the following analysis settings. Cell nuclei were detected from the DAPI images using Acapella's \<nuclei_detection_G\> algorithm with threshold adjustment of 1.5, nuclear splitting adjustment of 7, minimum nuclear area of 50, and minimum nuclear contrast of 0.1. DAPI staining was used to help the automated identification of individual cells and assess the size and shape of the nuclei. In addition, the DAPI nuclear stain was used to monitor signs of cytotoxicity based on changes in nuclei (cell) count and nuclear morphometric features. Cell images were analyzed using Acapella's \<cytoplasm_detection_A\> algorithm, with cytoplasm individual threshold adjustment set to 0.3 (Supplemental Figure S1D). A large number of parameters were extracted from the nuclei, cytoplasm, and cell masks, including cell count per well and well averages of cell-by-cell metrics such as nuclei area, total intensity of the nuclei, average intensity of the nuclei, nuclei elongation, nuclei roundness, cytoplasm area, cell area, equivalent radius, cell roundness, elliptical roundness, average cytoplasm intensity, total cytoplasm intensity, average cell intensity, and total cell intensity. Image analysis on a cell-by-cell basis was performed using cytoplasmic area (obtained by subtracting the nuclear area from the cell area) as the primary assay readout (Supplemental Figure S1D), which yielded a good dynamic range and an acceptable coefficient of variation *Z*′ of ∼0.5. Average cytoplasmic area in wells treated with ephrin-A1 Fc and 0.25% DMSO (corresponding to the final DMSO concentration in the assay) but without compounds (Supplemental Figure S1A, bottom left) was set as 0%, and average cytoplasmic area in wells treated only with 0.25% DMSO (Supplemental Figure S1A, top left) was set as 100%. Other parameters, such as cell count, nuclei area, nuclei intensity, and nuclei roundness, were also extracted and used for quality control and to evaluate compound cytotoxicity.

Nonautomated cell retraction assay in 96-well plates
----------------------------------------------------

For the retraction assays shown in [Figure 1](#F1){ref-type="fig"}, PC3 cells were cultured in Kaighn's F12 medium with 10% FBS, plated at 4000 cells/well in 96-well tissue culture plates (82050-748; Greiner Bio One, Frickenhausen, Germany), and grown overnight. The cells were then starved for 1 h in serum-free medium, incubated for 40 min with 5 μM compounds, 20 μM forskolin, 0.5 mM dibutyryl cyclical AMP, or DMSO as vehicle control, and stimulated for 10 min with 0.5 μg⁄ml ephrin-A1 Fc or Fc as a control. The cells were then fixed for 15 min in 4% formaldehyde in PBS, permeabilized for 3 min in 0.5% Triton X-100 in Tris-buffered saline, and stained with rhodamine-conjugated phalloidin to visualize F-actin. Nuclei were labeled with DAPI.

For the retraction assays shown in [Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"} and Supplemental Figure S3, PC3 cells were plated overnight in RPMI-1640 medium with 10% FBS and penicillin/streptomycin in 96-well tissue culture plates at 4000 cells/well. The cells were then serum starved for 3 h and 20 min, followed by treatment with 20 μM forskolin, 200 μM 6-Benz-cAMP, or 0.2% DMSO for 40 min. Cell retraction was induced at 37°C by stimulation with 0.5 μg/ml ephrin-A1 Fc or Fc for 12 min in the continued presence of forskolin or 6-Benz-cAMP. The cells were then fixed in 4% paraformaldehyde in PBS for 15 min at 37°C, permeabilized in 0.1% Triton X-100 in PBS for 15 min, incubated with blocking solution (10% goat serum, 1% BSA in PBS) for 30 min, labeled for actin with rhodamine-conjugated phalloidin diluted in blocking buffer for 1 h, and stained with DAPI for 10 min. Cell images were captured using an Olympus Inverted IX81 fluorescence microscope with a Color CCD SPOT RT3 Camera and a 20× objective. Cell area was measured using ImageJ (National Institutes of Health, Bethesda, MD).

Generation of PC3 cell populations expressing EphA2 mutant constructs
---------------------------------------------------------------------

For EphA2 knockdown, the GGATAAGTTTCTATTCTGT target sequence in the 3′ untranslated region of human EphA2 was identified using the Block-iT RNAi designer tool (Thermo Fisher Scientific) and the Whitehead siRNA Selection program (sirna.wi.mit.edu) and used to design the hairpin oligonucleotide ACCGGTGGATAAGTTTCTATTCTGTCTCGAGACAGAATAGAAACTTATCCTTTTTGAATTC, which was then cloned into the *Age*I and *Eco*RI sites of the pLKO.1 puro lentivirus. The control hairpin oligonucleotide CACCGGCAACAAGATGAAGAGCACCAACTCGAGTTGGTGCTCTTCAT­CTTGTTGTTTTTGAATTC was also in the pLKO.1 puro lentivirus. PC3 cells were transduced with the EphA2 short hairpin RNA (shRNA) lentivirus and selected for 7 d with 2 μg/ml puromycin. Down-regulation of EphA2 expression was confirmed by immunoblotting in comparison with cells transduced in parallel with a control shRNA lentivirus and the parental PC3 cells.

The pLVX lentivirus encoding FLAG-tagged EphA2 WT was obtained by replacing the *Nde*I-*Bam*HI restriction fragment of the pLVX-IRES-Neo lentiviral vector (632181;Takara Clontech) with the corresponding fragment from the pFLAG-CMV3 plasmid (E6783; Sigma-Aldrich), which encodes a signal peptide followed by the FLAG tag sequence, and then cloning the human EphA2 mature coding sequence (nucleotides 175--3061; GenBank accession number BC037166) using the *Not*I site in the EphA2 sequence and a restriction site in the lentivirus multiple cloning site. The EphA2 mutants were generated by site-directed mutagenesis with *Pfu* Turbo DNA polymerase in pcDNA plasmids, verified by sequencing the entire EphA2 cDNA, and subcloned into the pLVX-FLAG-EphA2-IRES-Neo lentivirus by replacing the sequence between the *Not*I and *Bam*HI sites within the EphA2 sequence. Nucleotide changes were TCT to GCT (S892A), AGC to GCC (S897A), AGC to GAC (S897D), and TCG to GCG (S901A).

All infectious lentiviruses were produced in the Lenti-X HEK293T cell line (632180; Takara Clontech) using the VSV-G envelope glycoprotein and pCMVΔR8.91 packaging constructs ([@B97]). The lentiviruses were then used to infect PC3 cells with a multiplicity of infection yielding ≤30% infected cells. Cell populations were then selected for 10 d with 150 μg/ml neomycin, and EphA2 expression levels were verified by immunoblotting.

ELISA to measure inhibition of EphA2--ephrin binding
----------------------------------------------------

Protein A--coated wells (PI15132; Pierce Biotechnology, Rockford, IL) were used to immobilize ephrin-A1 Fc incubated at 1 μg/ml in TBST (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.01% Tween 20). Culture supernatant from transfected HEK293 cells containing the EphA2 ligand-binding domain fused to alkaline phosphatase (EphA2 AP) was diluted in TBST and incubated for 3 h in the presence and in the absence of 20 μM compounds as previously described ([@B43]; [@B59]). The amount of bound EphA2 AP was quantified using pNPP (PI34045; Thermo Fisher Scientific) as the substrate. Alkaline phosphatase activity from wells coated with Fc control was subtracted as background.

Immunoprecipitation and immunoblotting
--------------------------------------

Cells were collected when they reached ∼75% confluency in ice-cold lysis buffer (1% Triton X-100, 150 mM NaCl, 40 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid \[HEPES\], pH 7.4, with 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 2 mM pyrophosphate, 2 mM glycerophosphate, 5 mM sodium fluoride, 1 mM sodium orthovanadate, 10 μg/ml leupeptin, 10 μg/ml apoprotinin, and 10 μg/ml pepstatin). Alternatively, the lysis buffer was supplemented with Halt Combined Protease and Phosphatase Inhibitor Cocktail (PI78442; Thermo Fisher Scientific). For immunoprecipitations, lysates were centrifuged at 13,000 × *g* for 10 min at 4°C to remove insoluble material. Protein concentration in the supernatant was determined using the Pierce BCA Protein Assay Kit (23227; Thermo Fisher Scientific). The supernatant was further precleared by incubation with Sepharose beads (4B200; Sigma-Aldrich) for 30 min at 4°C on a rotator. Each immunoprecipitation was performed using 1--2 μg of antibody coupled to 10 μl of GammaBind G Sepharose beads for 4 h at 4°C. Immunoprecipitates were washed four times with lysis buffer and eluted in SDS sample buffer by incubation at 55°C for 15 min. For immunoprecipitations with anti-FLAG M2-agarose affinity gel, the lysis buffer contained 50 mM Tris HCl instead of HEPES.

For immunoblotting, polyvinylidene fluoride membranes were incubated for 1 h in blocking buffer (0.1% Tween-20, 4% BSA in PBS) and then overnight at 4°C with primary antibodies diluted in blocking buffer. Membranes were then incubated for 1 h at room temperature with rabbit anti-goat, goat anti-rabbit, or goat anti-mouse secondary antibodies conjugated to HRP (AP106P, AP307P, and AP124PMI respectively; EMD Millipore), followed by ECL chemiluminescence detection (RNP2106; GE Healthcare) using x-ray film.

Generation and characterization of S901 phosphospecific antibody
----------------------------------------------------------------

The peptide KLPSTSGpSEGVPFR, corresponding to EphA2 residues 895--907 with S901 phosphorylated and an added N-terminal lysine, was coupled to BSA using glutaraldehyde and used to immunize rabbits. Antibodies were then affinity purified from immune serum using peptide coupled to an Affi-Gel 10 column (1536046; Bio-Rad Laboratories, Hercules, CA). Antibodies purified using the phosphorylated or the nonphosphorylated peptide preferentially recognize EphA2 phosphorylated on S901. They recognize EphA2 WT overexpressed by transient transfection in HEK293 cells but not EphA2 that has been treated with calf intestinal alkaline phosphatase, which indiscriminately dephosphorylates pS/pT/pY residues ([Figure 3F](#F3){ref-type="fig"}). The antibodies also do not recognize the EphA2 S901A mutant, which lacks the S901 phosphorylation site ([Figure 3G](#F3){ref-type="fig"}). These data confirm the desired specificity of the antibodies for the phosphorylated S901 motif.

In vitro kinase assays
----------------------

PC3 cells stably expressing FLAG-tagged EphA2 were lysed in lysis buffer without phosphatase inhibitors and used to immunoprecipitate EphA2 with 40 μl of FLAG M2 affinity gel. Beads were washed twice with 1 ml of kinase buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl~2~, 0.1 mM EDTA, 2 mM dithiothreitol \[DTT\], 0.01% Brij 35) and aliquoted in four tubes. Each aliquot was resuspended in 50 μl of kinase buffer with 1) no ATP or kinase (unpublished data), 2) 200 μM ATP (9804; Cell Signaling Technology) and no kinase, 3) ATP and CK1 kinase, and 4) ATP and PKA kinase. Immunoprecipitates were incubated for 30 min in an orbital shaker (300 rpm) at 30°C. Kinase reactions were stopped by the addition of SDS-containing sample buffer, followed by incubation at 65°C for 15 min.

Kinase phosphorylation antibody array
-------------------------------------

A membrane-based antibody array (Proteome Profiler, Human Phospho-Kinase Array Kit, ARY003B; R&D Systems)) was used to determine the relative levels of various human kinase phosphorylation sites according to the manufacturer's instructions. PC3 cells expressing EphA2 WT or S897A were starved and treated with forskolin and/or ephrin-A1 Fc according to the same protocol used for the retraction assays shown in [Figures 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}, and 600 μg of protein lysate was used for each array set. Multiple exposures of the blotted membranes were captured using x-ray film, and the scanned spots were quantified using Photoshop (Adobe, San Jose, CA).

Cell surface biotinylation
--------------------------

PC3 cells reconstituted with EphA2 WT or the S897A mutant after knockdown of endogenous EphA2 (see earlier description) were starved for 3 h and 20 min in serum-free medium, treated for 40 min with 20 μM forskolin or DMSO as a control, and then stimulated for 10 or 20 min with 0.5 μg/ml ephrin-A1 Fc or human Fc control in the continued presence of forskolin. Cell surface proteins were then biotinylated on ice by two 20-min treatments with 1 mg/ml EZ-Link Sulfo-NHS-SS-Biotin (21331; Thermo Fisher Scientific/Pierce) in PBS at 4°C with shaking, according to the manufacturer's instructions. Cells were washed three times with 100 mM glycine in PBS to quench the biotinylation reaction, followed by PBS, and lysed in modified RIPA buffer (150 mM NaCl, 1 mM EDTA, 1 % Triton X-100, 1 % sodium deoxycholate, 0.1 % SDS, 20 mM Tris, pH 8.0) containing protease and phosphatase inhibitors. For pull downs, 50 μg of each lysate was incubated overnight at 4°C with 20 μl of streptavidin agarose beads (20347; Thermo Fisher Scientific). Beads were washed with modified RIPA buffer and eluted with 50 μl of SDS sample buffer containing β-mercaptoethanol as a reducing agent to cleave the biotin group from the cross-linked proteins.

Effects of modulating PKA activity on EphA2 S897 phosphorylation
----------------------------------------------------------------

PC3 cells were transfected with empty pcDNA3.1 vector or pcDNA3.1 vector encoding the HA-tagged WT PKA catalytic subunit, the HA-tagged kinase-inactive PKA K72H mutant catalytic subunit (PKA KD; [@B38]), or the pRSV-PKI-v2 vector encoding the PKA inhibitor peptide PKI (plasmid 45066; Addgene \[ [@B98]\]) together with a 1:5 ratio of pPUR DNA vector (631601; Takara Clontech) using Lipofectamine 2000. After 24 h, transfected cells were selected with 2 μg/ml puromycin for 4 d. The cells were then stimulated for 30 min with 10 μM norepinephrine or PBS as a control and collected in lysis buffer.

EphA2 degradation induced by ephrin-A1 Fc stimulation
-----------------------------------------------------

PC3 cells were starved for 3 h and 20 min in serum-free medium, treated for 40 min with 20 μM forskolin or DMSO as a control, and then stimulated with 0.5 μg/ml ephrin-A1 Fc or human Fc control for different time periods in the continued presence of forskolin. Cells were collected in lysis buffer, and EphA2 was immunoprecipitated using a mouse monoclonal antibody (05-480). Immunoblots were probed with PY20 phosphotyrosine-HRP antibody and reprobed for total EphA2 (34-7400).

Liquid chromatography/mass spectrometry analysis of EphA2 phosphorylation sites
-------------------------------------------------------------------------------

PC3 cells were starved for 3 h and 20 min and then stimulated for 40 min with 20 μM forskolin or DMSO vehicle control. Cells were collected in ice-cold lysis buffer. Lysates were centrifuged at 13,000 × *g* for 10 min at 4°C to remove insoluble material and further precleared by incubation with Sepharose beads for 30 min at 4°C on a rotator. EphA2 was pulled down using biotinylated-ephrinA1-Fc ligand (BT602; R&D Systems) coupled to streptavidin beads (PI20347; Thermo Fisher Scientific). Beads were washed, and EphA2 was eluted with 6 M urea. Eluted material was treated with 10 mM DTT for 30 min at 37°C, alkylated with 40 mM indoleacetamide for 45 min at 37°C, and digested with 500 ng of trypsin (V5280; Promega, Fitchburg, WI) overnight at 37°C in an orbital shaker. Peptides were desalted using a peptide microtrap (Michrom BioResources, Auburn, CA), and phosphopeptides were enriched using a batch TiO~2~-based enrichment method ([@B47]). Both nonenriched and enriched phosphopeptide fractions were individually separated using a MS2 HPLC connected to a 200 × 0.2--mm column, ionized using a Captive Spray Source (Michrom Bioresources), and analyzed using a decision-tree tandem mass spectrometry (MS/MS) method ([@B82]) in an LTQ Orbitrap Velos mass spectrometer equipped with electron transfer dissociation (Thermo Fisher Scientific). MS/MS data were searched against a concatenated target-decoy ipi.HUMAN.v.3.73 protein database (89,652 entries) using semitryptic specificity, with Sorcerer-SEQUEST on Sorcerer Enterprise (Sage-N Research, Milpitas, CA). Precursor-ion mass tolerance was ≤5.00 ppm, and product-ion mass tolerance was 0.5 atomic mass units (amu). Static carbamidomethylation of Cys (+57.0214 amu), differential oxidation of Met (+15.9949 amu), and differential phosphorylation of S, T, and Y (+79.9663 amu) were specified. Only for ETD spectra, the Versasearch script (Sage-N) specified differential modification of peptide N-termini (*b*- to *c*-ions, +17.0265 amu) and C-termini (*y*- to *z*-radical ions, −16.0187 amu) because *c*- and *z*-ions are the prominent product ions in ETD MS/MS spectra ([@B83]). Filtering was with ProteinProphet (Trans-Proteomic Pipeline) at a false discovery rate of \<0.01. Phosphopeptides were also filtered at the peptide level, and phosphopeptide spectra were manually inspected to verify that site-determining ions were present. Spectral quality allowed confident localization of phosphorylation sites.
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CK1

:   casein kinase 1

EGF

:   epidermal growth factor

EGFP-F

:   farnesylated enhanced green fluorescent protein
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:   Library of Pharmacologically Active Compounds

PKA

:   protein kinase A

WT

:   wild type.
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